There are many environmentally important chemicals which exhibit potent effects on the nervous system. Examples include insecticides such as pyrethroids, DDT, cyclodienes, organophosphates and carbamates, and heavy metals such as mercury and lead. Since nerve excitation takes place in a fraction of a second, electrophysiological methods provide us with the most straightforward approach to the study of the mechanisms of action of environmental toxicants on the nervous system. Aquatic animals such as crayfish, lobster, squid, and marine snails represent extremely useful materials for such electrophysiological studies, because much of our knowledge of nerve excitation is derived from those animals.
Introduction
Numerous environmental toxicants are known to cause serious damage to the nervous system. These neurotoxic substances include insecticides, heavy metals, and hexanes. Indeed, most of the insecticides currently in use for agricultural, medical, and veterinary purposes are very potent neuropoisons as exemplified by pyrethroids, DDT, cyclodienes, organophosphates and carbamates. The environmental hazards of heavy metals such as mercury and lead are due primarily to damage, both acute and chronic, to the nervous system. Therefore, to prevent and manage intoxication by environmental neurotoxicants, it is imperative to understand the mechanisms of toxic action of these agents on the nervous system.
Various approaches and methods have been used to accomplish this goal, including electrophysiological, neurochemical, histological, and behavioral techniques. Since the major function of the nervous system is to generate and transmit excitation in the form of an elec-*Department of Pharmacology, Northwestern University Medical School, 303 East Chicago Avenue, Chicago, IL 60611 trical signal, or impulse, electrophysiological techniques provide us with the most straighforward and powerful approach to elucidate the mechanisms of action of neurotoxicants at the cellular and molecular level.
Aquatic animals represent an important group with respect to environmental neurotoxicology for several reasons. First, some of them provide us with very unique and important materials for the study of the mechanism of action of neurotoxicants. For example, the nervous systems of the crayfish, lobster, squid, and marine snails have been used very widely to study the mechanisms of nerve excitation in general. Almost all aspects of our present knowledge of nerve excitation are derived from study of aquatic animal models. These nerve preparations have been used extensively for the study of neurotoxicants as well. Second, because aquatic animals are very sensitive to certain environmental neurotoxicants such as cyclodienes, they are important for gaining an understanding of differential sensitivity.
This paper summarizes some of our recent environmental studies on aquatic animals. Major emphasis is on the study of neuroactive insecticides on the nervous system of the crayfish and squid. Similar approaches can be easily applied to the study of other environmental neurotoxicants. It is important to realize that information gained through these studies utilizing aquatic animals can be easily applied to the human. Therefore, such studies can contribute immensely to our health care with respect to the environmental toxicants.
Mechanisms of Nerve Excitation
The nerve membrane generates impulses or action potentials which are transmitted from the sensory cells to the central nervous system and then to the motor system. The action potential is generated as a result of changes in membrane permeabilities to ions such as sodium, potassium and calcium. The resting membrane potential (RP), inside negative with respect to the outside by 50 to 100 mV, assumes a value close to the equilibrium potential for potassium (EK), because the resting membrane is almost exclusively permeable to potassium (Fig. 1) . When the membrane is depolarized (stimulated), the membrane permeability (conductance) to sodium (gNa) increases rapidly, so that the membrane potential approaches a value close to the equilibrium potential for sodium (ENa); this is the rising phase of the action potential (AP). However, the increased gNa starts decreasing quickly and at about the same time the potassium permeability (conductance) gK starts increasing beyond its resting value. These changes in gNa and gK bring the membrane potential back toward the potassium equilibrium potential; this is the falling phase of the action potential.
During the rising phase of the action potential, sodium Passive Fluxes Na-K Pump FIGURE 1. Diagram of the mechanism of resting and action potential production. RP, resting potential; AP, action potential; EK, POtassium equilibrium potential; ENa, sodium equilibrium potential; gNa, sodium conductance; gK, potassium conductance (4).
ions enter the cell according to their electrochemical gradient, and during the falling phase of the action potential, potassium ions leave the cell according to their electrochemical gradient. The increases in gNa and gK are the result of opening of "sodium channels" and "potassium channels," respectively, so that the sodium influx and potassium efflux occur through these open channels. The resultant increase in intracellular sodium concentration and decrease in intracellular potassium concentration are very small indeed, being calculated to be approximately 1/1000 oftheir initial concentrations for a nerve fiber 1 ,um in diameter. However, no matter how small the internal ionic concentration changes may be, they must be restored in order for the nerve fiber to continue to generate many action potentials. This is accomplished by a mechanism called the Na-K pump, which pushes out extra sodium and absorbs potassium. This pump is operated by metabolic energy. By contrast, changes in gNa and gK, or opening and closing of sodium and potassium channels, take place normally in the absence of metabolic energy, and therefore are metabolism-independent processes.
When an action potential arrives at the nerve terminal, a neurotransmitter is released. The 
Crayfish Nerve Cords
The abdominal nerve cord isolated from the crayfish is a convenient and sensitive material for simple bioassay of certain neurotoxicants (11) . Spontaneous discharges, as recorded by a pair of wire electrodes, can serve as a measure of either stimulating or paralyzing effects of neurotoxicants. An example of an experiment for the pyrethroid allethrin is shown in Figure 2 . Allethrin at a concentration of 1 I±M causes a drastic increase in spontaneous discharges within 5 Figure 4 in which muscle contractions evoked by nerve stimulation are first augmented and then blocked by 100 nM allethrin. It was later found that the augmented contraction produced by pyrethroids and DDT-type insecticides was due primarily to the stimulation of presynaptic nerves (12) . Repetitive discharges were generated in the presynaptic nerve which caused repetitive and augmented activity of the muscle.
Crayfish and Squid Giant Axons iarges (Fig. 3) . Other
The giant axons isolated from the crayfish or the squid iDT, and toxaphene have proved to be among the most convenient materials the nerve cord.
to determine the mechanisms of action of neurotoxicants. First, the basic mechanism of nerve excitation has been studied extensively using these preparations. RN In fact, because of its large size the squid giant axon is 60 min the prototype nerve preparation from which most of our present knowledge of nerve excitation has been derived. Second, voltage clamp experiments to analyze the ion channel function can be performed with these giant axons with the highest degree of accuracy. Third, these giant axons can be perfused intracellularly as well as extracellularly, providing us with a high degree of flexibility for voltage clamp measurements. Fourth, the mamV terials are relatively readily available.
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In order to illustrate the usefulness of these giant axon preparations and to summarize our current knowledge of the mechanisms of action of toxicants, some of he spontaneous discharges our studies of DDT and pyrethroid insecticides will be 1).
briefly described. When applied to the isolated giant axon, some of these insecticides cause repetitive afterdischarges in response to a single stimulus (Fig. 5) Voltage clamp experiments with crayfish and squid giant axons have clearly shown that the sodium current is greatly prolonged by pyrethroids and DDT (13) (14) (15) (16) ).
An example of such an experiment is shown in Figure  6 . shown that pyrethroids cause a remarkable prolongation of sodium channel opening (8) (9) (10) .
An example of a single channel experiment is illustrated in Figure 7 . Single sodium channel currents were recorded from a neuroblastoma cell (N1E-115 line) by using the patch clamp technique (10) The observed change by pyrethroids at the single sodium channel level can account for the symptoms of poisoning at the animal level. Calculations were made of the percentage of sodium channel population that must be modified by tetramethrin for the depolarizing afterpotential to reach the threshold for repetitive discharges. Only a very small fraction of sodium channels, less than 1%, needs to be modified for this change in depolarizing afterpotential which leads to severe symptoms of poisoning in animals (17) . This is why the pyrethroids are very potent as insecticides. This situation also provides us with an excellent example of "toxicological amplification" from ion channel to animal.
